The use of "Housekeeping proteins" as loading controls in western blots requires that they do not change their level of expression. However, deviations from this rule have been observed. This study investigated the expression of the commonly used proteins HSP60, -tubulin, -actin and GAPDH by western blot during retinoic acid-induced differentiation of the embryonal carcinoma NTera-2 and the neuroblastoma SH-SY5Y cell lines. -actin was found to be a poor loading control, increasing significantly during differentiation, whereas HSP60 and GAPDH were the more evenly expressed of those analysed. Our results underline the importance of selecting accurate loading controls in this biological context.
INTRODUCTION
Two of the most commonly used human cell lines for studies of neuronal differentiation are NTera-2/clone D1 (NT2) and SH-SY5Y. NT2 is a human embryonal carcinoma (EC) cell line that differentiates after treatment with retinoic acid (RA) [1] [2] [3] [4] [5] [6] . More recently, NT2 cells have been used as a model system to study dopaminergic differentiation of human embryonic stem (hES) cells [7] . SH-SY5Y is a neuroblastic subclone of the neuroblastoma cell line SK-N-SH [8] . SH-SY5Y cells withdraw from the cell cycle and express a distinct neuronal phenotype when treated with RA [9] , and are used extensively as a cell culture model for neuronal differentiation, survival and apoptosis [9] [10] [11] [12] [13] .
A systematic study of consistently expressed housekeeping proteins during the differentiation of NT2 or SH-SY5Y cells has not been described. Proteins that have been used as internal controls include the mitochondrial protein HSP60, the cytoskeletal proteins -tubulin and -actin, and the metabolic enzyme GAPDH [14] [15] [16] . There is a growing body of evidence that some commonly used housekeeping proteins are inadequate internal standards because they are themselves affected by drug treatments, cell cycle phase, differentiation or cell proliferation [17] [18] [19] [20] [21] . Neuronal differentiation is a dynamic process involving dramatic changes in cell protein expression. Therefore, we sought to identify consistently expressed cellular proteins to use as controls in protein expression studies during RA-induced differentiation of NT2 and SH-SY5Y cells. 1% penicillin/streptomycin, 2 mM l-glutamine and 1% nonessential amino acids (NEAA) (all reagents were from Invitrogen). To induce differentiation, 5 x 10 5 cells were seeded in 10 cm tissue culture dishes and cultured for up to 4 days with 10 μM all-trans retinoic acid (RA) (Sigma-Aldrich). NT2 cells (from P. Andrews, Edinburgh) were cultured in DMEM/F12 (high glucose formulation) supplemented with 10% FCS and 1% penicillin/streptomycin. NT2 cells were subcultured using a cell scraper (Sarsted, Newton, NC). To induce differentiation, 4 x 10 5 cells were seeded in 10 cm tissue culture dishes and grown for up to 28 days with 10 μM RA. As controls, both cell lines were treated with vehicle (0.1% DMSO).
MATERIAL AND METHODS

Cell
Western Blot Analysis
Lysates were prepared using modified RIPA lysis buffer (0.5% sodium deoxycholate, 1% Triton X-100, 20 mM Tris pH 8, 0.1% SDS, 100 mM NaCl, 50 mM NaF, 1 mM EDTA and protease inhibitor cocktail (Roche)). Protein concentrations were determined using a modified Bradford assay (BioRad). Proteins (14 μg/lane) were separated on 10% polyacrylamide gels and transferred to Immobilon-P membrane (Millipore), using a Trans-Blot semi-dry transfer apparatus (BioRad). Blots were blocked in blocking buffer (3% BSA in TBS-T) for 30 min at room temperature. Blots were probed with primary antibody diluted in blocking buffer for 1 h. The primary antibodies used were rabbit anti-HSP60 (H-300, Santa Cruz Biotechnology), mouse anti--tubulin (clone 2-28-33, Sigma), rabbit anti--actin (Abcam) and mouse anti-GAPDH (clone 71.1, Sigma), all diluted 1:5000, and mouse anti-III-tubulin (TU-20, Chemicon) diluted 1:3000. After washing with TBS-T, blots were incubated for 30 min with HRP-conjugated secondary antibodies (Jackson Inmunoresearch Laboratories) diluted 1:10000 in blocking buffer and washed again in TBS-T. Detection of proteins was by chemiluminescence (ECL, Amersham Biosciences, UK), followed by analysis in a Chemidoc XRS machine using Quantity One-4.6.2 1-D analysis software (Bio-Rad). Blots were exposed for different times, and exposures in the linear range of signal were selected for densitometric evaluation.
Statistical Analysis
Each experiment was repeated at least twice using samples from 2 independent experiments. Changes in protein expression were tested using one-way ANOVA followed by Dunnett´s test.
RESULTS AND DISCUSSION
Western blotting revealed single bands at the expected molecular masses of approximately 50 kDa ( III-tubulin), 60 kDa (HSP60), 50 kDa ( -tubulin), 42 kDa ( -actin) and 36 kDa (GAPDH). Fig. (1) shows the expression levels of these proteins during differentiation of SH-SY5Y cells. Neuronal differentiation of SH-SY5Y cells becomes morphologically evident at 4 days RA treatment (Fig. 1a) , concomitant with expression of the neuronal marker, III-tubulin (Fig. 1b, top  pannel) . The same blot was probed for housekeeping proteins (Fig. 1b, lower panels) . HSP60 and GAPDH were similarly expressed in undifferentiated (DMSO treated cells) and differentiated samples (4 days RA treated cells), whereastubulin, and, more significantly, -actin levels increased dur- ing differentiation. The densitometric data are presented as a percentage of the undifferentiated signal in Fig. (1c) . The expression levels of HSP60 and GAPDH were similar in undifferentiated and differentiated cells, with no significant variation (HSP60 levels in differentiated cells were 93 ± 8 % of control; GAPDH levels were 121 ± 22 % of control) (mean ± S.E.M.). In contrast, -tubulin levels showed a trend for an increase in differentiated cells (155 ± 26 % of control) and -actin levels increased significantly (210 ± 38 % of control).
A similar analysis for NT2 cells is shown in Fig. (2) . At 28 days RA treatment (differentiated cells) there was a clear change in NT2 morphology with the appearance of neuronlike cells compared with the DMSO treated cells (undifferen- Fig. (2) . Housekeeping protein expression levels during NT2 cell differentiation. (Fig. 2a) . Differentiation correlated with the expression of III-tubulin (Fig. 2b, top pannel) . The expression levels of housekeeping proteins from this blot are shown in Fig. (2b) (lower panels). Once again, HSP60 and GAPDH were evenly expressed during differentiation, and -tubulin levels increased to a small extent, although this was not statistically significant. As in SH-SY5Y cells, -actin levels were significantly increased highly upon RA treatment. The densitometry data are presented as a percentage of the undifferentiated values in Fig. (1c) . Overall, differentiated cells had no significant increase in the levels of HSP60 (75 ± 17 % of control) and GAPDH (122 ± 57 %) in comparison to undifferentiated cells, whereas the level oftubulin (165 ± 35 %) increased, although this increase did not reach statistical significance, and -actin levels (254 ± 45 %) increased significantly in differentiated cells.
To summarise, the level of -actin increases upon RA treatment in both SH-SY5Y and NT2 cells. This is probably because -actin is found at high levels in axons and dendrites, which are likely to be more abundant in RA-treated cells. -actin has been used as a loading control in several NT2 and SH-SY5Y cell differentiation studies [14, [22] [23] [24] [25] [26] . Our results suggest that using -actin as a loading control will lead to an underestimation of the levels of other protein(s) under study in the differentiated cell population.
CONCLUSION
We have shown that the expression levels of proteins currently used as internal controls in neuronal differentiation studies can vary significantly. As a consequence, the use of housekeeping proteins as internal standards should be examined carefully in relation to the cell or experimental conditions. Our data suggest that HSP60 or GAPDH should be used as a loading control for proteomic studies of NT2 and SH-SY5Y cell differentiation.
